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(Paper No. 3171.) 

The Relative Advantages of Ordinary and Compound 
Locomotives.” 

By CHARLES ERNEST WOLFF, B.Sc.,  Assoc. M. Inst. C.E. 

THE very  large  number of factors which  enter  into  the efficiency 
of a locomotive, and  the difficulties in the  way of making  really 
reliable  tests  under  the  actual  working conditions, combine to make 
it by no means an easy matter  to compare the performances of 
different locomotives. Engines  built to the same drawings  side 
by  side often vary  widely  in  their performances in actual work, 
and it is well known to all drivers  that different engines of the 
same class often require  very different treatment to obtain  the 
best results. 

Under  such circumstances it is  not  to be wondered at  that, on 
such a broad question as that  indicated  in  the  title of this  Paper, 
there  are almost as many opinions as there  are locomotive 
engineers. Really conclusive facts on this  question  are few and 
far betwgen. In their absence all  that can be done is, to discuss, 
as fairly as possible, the  different  points claimed for the Com- 
pound and Simple Locomotives by  their respective  supporters. 
The Author proposes to consider Compound Locomotives in  
general first, and afterwards  the different types which  have 
been tried. 

Advantages of Compound  Locomotives.-In the  Paper on Com- 
pound Locomotives,’ read before this  Institution on the  8th 
January, 1889, by Mr. Edgar  Worthington,  the advantage6 of the 
compound system applied  to  the locomotive engine are stated 
to be :- 

I. A saving of fuel  and water, due  to  the use and easy  manipu- 
lation of high steam-pressures and large  ratios of expansion. 

11. A more uniform  distribution of pressure on working  parts, 
when running,  than  in  the  ordinary locomotive. 

111. An increased power of starting a train. 

Minutes of Proceedings Inst. C.E., vol. xcvi. p. 2. 
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I. The  saving of fuel is undoubtedly  the  main object of all 
designers of compound locomotives. The question of ordinary 
versus compound engines is usually discussed with reference to 
marine  and  stationary engines, in  which case the compound 
engines show to  very  great  advantage,  and  sweeping  generalisa- 
tions are made to  the effect that compound engines are,  in  all 
cases, more economical than  simple ones. Such  fallacious argument 
has  probably done  much to  injure  the cause of the compound loco- 
motive. The conditions of working of the  marine  engine  are 
obviously very different from those of the locomotive. The  marine 
engine does most of its work a t  a constant speed and  load;  the 
speed and load of the locomotive both  vary from  almost nothing 
to the maximum value. The  marine  engine is essentially a 
condensing engine;  the locomotive is of necessity always non- 
condensing. Stationary compound engines are also usually con- 
densing, the only notable exception being  the compound non- 
condensing  high-speed engines employed in some electric-light 
stations, and even in  this case the speed is constant. The 
compound locomotive must be considered by itself. 
In considering the probable advantages to  be  derived from 

compounding, the special  circumstances of the case must be 
carefully  borne  in mind.  These are :- 
(a) The  very  variable  nature of the work demanded. 
(a) The  wetness of the steam. 
( c )  The  impossibility of condensing the steam. 
Also, the  gain in economy must be obtained by a diminution  in 

the  cylinder condensation, or the use of a higher pressure than 
mould be suitable  in  the case of a  simple  engine. 

With  regard  to  the loads and speeds it is of course obvious that 
the  amount of fluctuation  will depend on the gradients. In the 
case of a perfectly  level  line, the speed and load, except just  at 
starting  and  stopping,  may obviously be kept almost constant. 
In this case there is no reason to  doubt  that a  very  considerable 
gain  may be made by compounding, at  any  rate,  as  long as the 
engine can be kept on the same class of work. On the  other  hand, 
if  there  are  long  gradients  to be  encountered, the case is  very 
different. To  take a particular case, suppose that  long  gradients 
of 1 in 120 to 1 in 200 are met with,  both  up  and down, and sup- 
pose the  line  to be  worked with  simple engines having  cylinders 
IS$ inches by 24 inches, and driving  wheels 7 feet  in diameter. 
Going up one of the supposed long  banks  the speed will  probably 
drop  to  about 35 miles an hour (assuming the  engine  to be fairly 
a9ll loaded), while 75 miles an hour will most likely be reached 
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on the  down  gradients.  The  indicated HP. may be assumed to be 
about 450 for such a locomotive. A good driver  will keep this 
about  constant  throughout  the  run, if the  gradients do not exceed 
those given, as this  is  the most economical method of working. If 
it is allowed to  vary,  the boiler will be called upon  to  supply more 
steam  during  part of the distance, and  the boiler  efficiency 
decreases very  rapidly as the demand  for  steam increases. A 
7-foot wheel  makes 300 revolutions per  minute  at 75 miles an 
hour,  and 140 revolutions  per minute  at 35 miles an  hour; hence, 
the mean effective cylinder pressure will be  found to be 23.2 lbs. 
per  square  inch a t  75 miles an hour, and 49 8 lbs. per  square  inch 

. a t  35 miles an hour. I f  a compound locomotive were built for the 
same  work the  cylinders would  probably  be made about 19g inches 
in  diameter, in  order to  take  advantage o f  the possible greater 
expansion, and  the mean effective pressure in  the low-pressure 
cylinder would be 20.8 lbs. per square  inch at  the  higher speed. 
There  must also be  a small loss due to the  friction  and  wiredrawing 
in  the  extra  ports o f  the compound engine. If  this amounts  to 
3 lbs. or 4 lbs. per square  inch,  the efficiency is lowered 15 per 
cent. or 20 per cent. 

Again,  the  usual  cylinder  ratio  in compound locomotives is 
about 2. Assuming  this, it is clear that if the back  pressure in  the 
high-pressure  cylinder  is less than  about 29 lbs. or 30 lbs. per square 
inch  absolute pressure, the low-pressure cylinder  will  expand  the 
steam below the atmospheric pressure. Taking Rankine’s  formula 
for adiabatic expansion, viz., p v 7 = const., this  figure works out to 
31 8 lbs. per square  inch absolute  pressure, or 17 * 1 lbs. per square 
inch above atmospheric pressure. This means a mean effective 
pressure of about 10 lbs. per  square  inch in  the low-pressure 
cylinder. The mean effective pressure in the high-pressure cylinder 
must  therefore be about 2 X (20.8 - 10) = 21 6 lbs. per square 
inch. It can  be  shown by  constructing  the diagrams that  this 
can  only be  obtained by  throttling  the steam on admission to  the 
high-pressure  cylinder down  to  a  pressure of about 50 lbs. per 
square inch. This  is  the  only  way  to  obtain  the required mean 
effective pressure  without  expanding  the steam below the receiver 
pressure in  the case of the  high-pressure  cylinder,  or below the 
atmospheric line in the case of the low-pressure cylinder.  Under 
these  conditions the compound locomotive cannot be expected to 
work economically. 

If  the  bank@  are only 2 or 3 miles  long, so that  the speed does 
not increase to  such an  extent,  the  argument o f  course fails, and 
the  engine  will probably show a good result. It should also be 

10 
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noticed that if the  heavy section of the  line forms only a small 
fraction of the whole, the loss on this section will not be sufficient 
to  neutralize  the  gain on the remainder. If the compound engine 
can effect a saving of 15 per cent.  or 20 per  cent.  over three-quarters 
of the distance, even  if i t  suffers an  equal loss on the  remaining 
quarter, it will  still show a distinct  gain in economy. Where 
the  point occurs at  which it becomes economical to compound the 
locomotives can only be determined by experiment. 

The effect of the  very  wet steam with  which a locomotive has 
to  work is  to  diminish  the  gain  due  to compounding. With 
simple engines  only  about half the  water evaporated is accounted 
for as steam  in  the diagrams. This is, of course, part.ly  due to  
initial condensation in  the cylinders, but  there  is no doubt  that a 
locomotive boiler working  under  every-day conditions supplies 
very  wet steam. This  is  not  surprising  when  the  very  large 
quantity of steam given off from each square foot of water surface 
is considered. Several modern locomotives have  indicated over 
1,000 H.P., corresponding  to about 30,000 lbs. of water evaporated 
per hour. The  water surface of the boiler is  about 17 feet 6 inches 
by 4 feet, or about 70 square feet. This means that 429 lbs. or 
1,098 cubic feet of steam is given  off from each square foot of 
water surface per hour. This is only  the  average  quantity over 
the whole water surface. At  the firebox end  the  quantity  must 
be  much greater.  The  result is that  it makes very  little difference 
whether  the  engine  is  controlled by the  regulator or by " notching 
up " so as to  cut off earlier.  When  the steam is  throttled no heat  is 
lost;  the pressure falls  and  the steam becomes drier.  Thus  the 
loss from the  diminished expansion is  just  about equal  to the  gain 
due  to  the  drier steam. 

I n  confirmation of what  has been said with regard  to the wetness 
of the steam, it is worth  noting that,,  according to Mr. S. W. 
Johnson,l about 10 lbs. of water  are used per  lb. of coal, 
although  the gases in  the smoke-box pass away a t  a temperature 
of about 900" F. I t  is obvious that  the  water cannot possibly all 
be evaporated. From  this it follows that  both  the simple loco- 
motive and  the compound will work  best with  the  highest pressure 
practicable, so that  dry steam  can  be  obtained by  throttling. 

11. Tbe claim for a more uniform  pressure on the  working  parts 
would appear to  neglect the effects of inertia.  That it holds good 
at low speeds is clear because the maximum  pressure is about 
halved, but  when  the  inertia of the moving parts  is  taken  into 

~~~~ ~ ~~ 

1 Proceedings Inst. Mech. E., Presidential  Address 1898. 
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account the  high pressure at  the commencement of the  stroke  is 
greatly diminished and  not  infrequently disappears altogether or 
even becomes negative. Probably  little or nothing is gained on 
this score by compounding. 

111. The increased  power of starting a train  is supposed to  be 
obtained  by  admitting  high-pressure steam to  the low-pressure 
cylinders, but as nearly  every modern locomotive has sufficient 
power to cause the  driving wheels to slip  at  starting, unless care 
is  taken  to avoid it, it is not at  all clear how the power is to be 
utilized. 

Disadvantages of Compound Locomotives in  General.-As already 
stated, a serious-probably the most serious-objection to the com- 
pound principle  as  applied  to locomotives is  the  want of adapt- 
ability to both  light  and  heavy traffic. To be a success, a 
compound locomotive must be  designed for a particular class of 
work and  must be kept to that, class;  otherwise the  engine  will 
suffer from ‘‘ over-cylindering.” Also the compound locomotive 
is not  suitable for trains  which make frequent stops, as  this 
naturally leads  to variable conditions of working. 

The discussion of this  point leads  to the second objection, which 
is, that  unless  special  arrangements  are made for use at starting, 
involving  additional complication, the compound locomotive will 
be a poor starter,  as  only  the  high-pressure  cylinders  are  arailable 
until  there is some pressure in  the receiver. This point can, 
however, be better considered i n  reference to the  particular  types 
which  have been tried. 

Yet  another objection is that  the compound must  nearly  always 
suffer a greater loss from radiation  than  the simple locomotive. 
From  the  fundamental conditions of the design there  must be a 
greater surface of the  cylinders exposed to  the  air,  and moreover, 
except in  the  particular case of the  inside  cylinder two-cylinder 
compound, there  must be outside cylinders.  These being more 
exposed to  the  rush of cold air  are  naturally more likely  to suffer 
from radiation  than  inside cylinders. The difficulty may no doubt 
be mitigated  by  carefully  lagging  the cylinders, but it is still  an 
ndisputable  objection. 

A further objection is the  additional complication which is 
nearly  always  incurred  both i n  construction and  in working. 
Compounding  necessarily  leads to  an increase in the  number  and 
weight of the  moving  parts  and also of the  glands  and stuffing- 
boxes. This  leads  to  an increase in  the  amount of oil  required 
and also to an  increase, both in the first cost and  in  the cost 
of maintenance. It is necessary, therefore, in order that  the 
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compound locomotive may prove economical, not only to show a 
decrease in  the coal consumption, but a sufficient saving  to more 
than balance the increase in  the cost of maintenance  and also to 
pay  the  interest on the increase in the first cost. 

Different Types of Compound  Locomotives.-Compound locomotives 
fall  naturally  into  three divisions, viz., two-cylinder, three- 
cylinder, and four-cylinder engines. 

Two- Cylinder  Engines.-Perhaps the  simplest  and cheapest com- 
pound locomotives are those  designed by Mr. Earl  Golsdorf for 
the  Austrian  State Railways.  These engines  have  two  cylinders 
(outside), the  high - pressure 
cylinder  being 500 millimetres 
or 19 * 63 inches in  diameter,  and 
the low-pressure cylinder 740 
millimetres or 29 * 13 inches  in 
diameter.  The  stroke of both 
cylinders is 632 millimetres or 
24 -88 inches. The  cylinder 
ratio  is 2 19. I n  order  to adapt 
the  engine  as  far  as possible to 
varying loads the  valve  gear is 
arranged to give a cut-off as late 
as 93 per  cent. of the  stroke  in 
full gear. There is no starting 
valve, but a small  auxiliary  port 
is cast in  a bridge across the 
centre of each low-pressure steam 
port, in  such a position that it 
is uncovered when  the  valve is 
at  the  extreme  end of its  stroke 
in  full gear, Figs. l .  This  auxi- 
liary port connects with  the 

Figs. 1. 

S E C T I O N :  ON A.A.  

SLIDE-VALVE FACE, SHOWING 

AUXILIARY PORT. 
high-pressure  steam-chest, and 
thus  supplies a  small amount of steam  to the low-pressure  steam- 
chest at  starting. As soon as  the  engine  has  started,  the  valve 
gear is “notched  up ” as  in  the case of an  ordinary locomotive, 
and  the  small  port  is no longer uncovered. This is probably  the 
simplest form of compound locomotive, and  has no more moving 
parts  and  requires no more attention from the  driver  than a 
simple  engine. The objections to it are  that  the  cylinders  and 
pistons are  very  large,  and  have  therefore  to be placed outside 
and  the  reciprocating  weights  have  to be increased. There  is also 
a lack of symmetry in the  arrangement  which may  lead  to the 
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engine  being somewhat one-sided in  its action. The  type appears 
to be very  satisfactory  and economical in working. 

Other two-cylinder compound locomotives are  the Worsdell- 
von  Borries- Lapage engines. They  are  started by means of various 
starting valves, all of which  act on the same principle. The 
driver's  starting  handle opens  a small  steam-supply from the 
boiler to  the low-pressure  steam-chest, at  the same time  cutting 
off the receiver  from the  low-pressure  cylinder  by means of another 
valve. When  the pressure of the high-pressure exhaust rises 
above that  in  the low-pressure  steam-chest, i t  forces the  starting 
valve  back into  its  normal position, cutting off the  auxiliary steam- 
supply,  and  the  engine  then works as a compound engine. The 
objections to  this  engine  are  the same as  those which  apply  to 
the Golsdorf system, with  the  additional complication introduced 
by  the  starting valve, which, however, is not a very serious 
matter. A very  large  number of these engines  are  at work in  
all  parts of the world,  especially in Germany,  Russia and America. 
Curiously  enough,  experience seems to show that  two-cylinder 
compound require more oil than two-cylinder simple locomotives. 
The reason for this is not very obvious. 

Three-Cylinder Engines.-These may be  divided into  two classes, 
according as there  are  two  high-  or  two low-pressure  cylinders. 
The  best  known locomotives of this class are those designed by 
Mr. F. W. Webb, M. Inst. C.E., for the London and  North 
Western Railway. They  have  two  high-pressure  cylinders placed 
outside and one large low-pressure cylinder inside. In  all  the 
express locomotives the low-pressure cylinder  drives  the main 
driving-wheels,  and  the  two  high-pressure  cylinders  drive  the 
trailing driving-wheels. The  wheels  are  not coupled, although 
they  are of the same diameter. The  engines  are too well known 
to  require a more detailed description. The  great  advantage 
which this  type of locomotive possesses over other conlpounds lies 
in the abolition of the coupling-rods and double crank axle. 

The  disadvantages  are :- 
(l) There  is  an  extra  set of link-motions which  must to  a 

certain  extent increase the  initial cost and  the cost of mainte- 
nance, and also diminish  the mechanical efficiency. 

(2) They  are  undoubtedly poor starters.  The low-pressure 
valve, being  actuated bya loose eccentric, is in back gear  after  the 
engine  has backed on to a train.  The work of starting  the load 
rests,  therefore, on the two small high-pressure  cylinders, only 
15 inches in  diameter,  which  drive one pair of driving-wheels, 
having only 15 tons weight on them. This  weight also cannot 
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be much  increased without  making  the  engine  inconveniently 
heavy. Even  after  the low-pressure cylinder  has come into 
action  there is a probability that  the pressure in  the receiver is 

' somewhat  above or below what it should be, so that  the work is 
not  equally  divided between the  two  pairs of driving-wheels, and 
the  engine is thus  unable to exert  its  full  tractive power. The 
low-pressure cylinder  is also apt  to cause an  unpleasant  surging 
in  the  train  just  at  starting. On long  runs,  such  as London to 
Crewe, Crewe to  Carlisle, or Crewe to  Holyhead, the objection is, of 
course, hardly  worth notice, and  the  engines  are  doing  remarkably 
good work with  the  heavy  main-line expresses. 

The  only compound engine  with one high-  and two low- 
pressure cylinders  which  has been a success in  this  country, 
is  the  very  large  and powerful engine  which is now a t  work 
on the  North  Eastern Railway. The  engine  is constructed 
on Smith's  system, and  has two low-pressure cylinders placed 
outside, working on cranks  at  right angles. The high-pressure 
cylinder is placed inside, and  its  crank makes an  angle of 135' 
with each of the  other two. There  is  an  auxiliary steam-pipe 
to  the receiver by  which  the pressure in it can be maintained 
at  any desired  pressure below the boiler  pressure. When  this 
auxiliary steam-valve is full open, the  high-pressure  cylinder is 
practically  cut out-being prevented from pumping  by  automatic 
valves which prevent  its pressure from falling below that of the 
receiver-and the  engine works as a  simple engine  with  the  two 
low-pressure cylinders only. This is the condition of maximum 
power, and is only used at  starting.  The  higher  the pressure in 
the receiver is kept,  the  greater is the  tractive force exerted, so that 
although  the  engine  usually works compound, it can  be worked as 
what Mr. Smith calls  a  semi-compound" up  banks  with a heavy 
load. The  engine has, therefore,  a greater  range of power than 
most compound engines, and  has been very successful indeed in  
dealing  with  heavy  trains.  This  appears  to be one of the most 
successful attempts  at  dealing  with  the problem of compound 
locomotives. The objection to the  arrangement of a compound 
locomotive of this  type  acting on cranks at  120' is the  irregular 
and inefficient nature of the blast. This is, of course, obviated 
in  the  arrangement described above, and  the laok of uniformity 
introduced  into  the  turning moment is  very  slight. 

Four-Cylinder Engines.-There a.re many  ways i n  which  the 
cylinders can  be arranged  in a  four-cylinder compound locomotive. 
The only types, however, which  have  met  with any success are 
the four-crank pattern,  as used by Mr. F. W. Webb on the London 
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and  North  Western  Railway, and also on several  foreign rail- 
ways, , including  the  Northern  Railway of France, and the 
Vauclain system in America. The four-crank locomotives have a 
low- and a high-pressure  cylinder on each side, one placed outside 
the  frame  and  the  other inside, actuating  cranks  at 180°, so that 
each side is balanced in itself as  far  as  longitudinal  disturbing 
forces are concerned. There is still  left, however, an unbalanced 
horizontal  turning moment which  should not be neglected. There 
is no reason why a  receiver  should be required on this  type of 
locomotive, though one is usually fitted. Only one valve-gear is 
necessary for  each side, since tLe cranks  are opposite one another. 
The  advantage of this  type  is  clearly  the easy balancing of the 
moving parts ; and  the  disadvantage is the  additional complication 
caused by the  extra parts. 

In the Vanclain system there  are on each side of the  engine 
a high-  and a  low-pressure cylinder arranged vertically over 
one another.  The  two piston-rods on each side  are coupled 
to one crosshead, and  the  two  cylinders  have  only one piston- 
valve  for the tw3. Except for the  extra pistons and piston-rods, 
there  are, therefore, no additional  moving  parts beyond those in 
an  ordinary two-cylinder  simple locomotive. These  engines, of 
which a very  large  number  are a t  work in  the  United  States, 
have been very successful. Owing to  their  simplicity  they avoid 
most of the  drawbacks  while  retaining  the  advantages of the 
compound system. 

Summary.--It is certain  that  the price of coal must  always be 
the  main factor i n  determining  whether a compound locomotive 
is desirable  or otherwise in  any  given locality. A compound 
locomotive may prove economically successful in a country where 
coal is cheap,  provided the conditions are  suitable,  but it would 
certainly be still more successful under  the same conditions in a 
country  or  district  where coal was dear. Also the economical 
range of load is comparatively small in  the compound locomotive, 
so that   i t  is not  in  general so well  adapted  to work of a variable 
character  as the  simple engine. The system has also the dis- 
advantage of generally  requiring special arrangements for starting, 
and  in each particular case it is necessary that  the compound 
engine should  show a sufficient gain  in economy to more than 
compensate for these drawbacks. That  this  result  has been 
achieved in many cases will be  clear from the discussion of the 
particular  types described above. As, however, the  life of the 
engine  enters  into  the question, more experience is required before 
any hard  and  fast  rules can  be laid down. all that can be said 
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up  to  the present is that  under  certain conditions the compound 
locomotive has shown very  promising  results ; but, on the  other 
hand, there  are  many cases in  which  the  simple locomotive may 
be  expected to more than hold its own. I t  may be thought  that 
a very  large space has been devoted to the drawbacks of  com- 
pound locomotives and  very  little to the  advantages.  The reason 
for  this is that,  while  the  advantages  are clear and obvious, the 
disadvantages consist of a large  number of small objections which 
are  not  nearly so obvious and,  taken  singly,  are  not  very serious. 
Hence, a t  first sight,  the objectionable features  are  apt to  be over- 
looked. In order to make a fair comparison all  the factors in 
the question, whether  small or large,  must be  discussed, and  the 
Author hopes that  he  has succeeded to some extent in carrying 
out  this  principle. 

The  Paper is accompanied by a drawing from which  the  Figures 
in the  text  have been prepared. 
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